Upon interaction with calf thymus DNA the ∆,∆-enantiomer of the semirigid binuclear ruthenium complex [µ-(11,11'-bidppz) . Using the meso stereoisomer as an enantioselective probe, it is shown that the Λ moiety prefers to insert itself deeply into the minor groove while the ∆ moiety, in the major groove, is somewhat displaced from the centre of the DNA helix. The preceding, metastable bound geometries are concluded to be in the major groove for calf thymus DNA, poly(dG-dC) 2 , and poly(dI-dC) 2 , with the ∆,∆ form displaying an angle of the bidppz bridge relative the DNA helix axis of about 50°, whereas the corresponding angles for the meso-and Λ,Λ-forms in calf thymus DNA are around 65°, suggesting an orientation in the groove more parallel to the bases. By contrast, in poly(dA-dT) 2 none of the stereoisomers exhibits any distinguishable initial groove binding mode, but all seem to bind by threading intercalation directly.
Introduction
The design of small molecules, for sequence-specific nucleic acid recognition in the search for novel chemotherapeutics, DNA-probes or as sensitive diagnostic agents, has received increasing attention ever since the structure of double helical DNA was first revealed in the early 1950s. 1 In the search for compounds with strong DNA affinity and slow dissociation kinetics, properties considered crucial for antitumor applications, 2 numerous natural antibiotics and their structural analogs have been investigated. One possibility to obtain slow dissociation from DNA is to involve threading of bulky subunits through the core of the DNA. An example is the natural antibiotic nogalamycin, which threads one of its two bulky sugar moieties through the base-stack of DNA to end up in a final binding mode in which one sugar moiety is situated in each groove. [3] [4] [5] [6] As a result of the sterically hindered threading, which is between base pairs, thus placing the ruthenium centra and the alkylamide linker in opposite grooves. 15, 16 Interaction kinetic results support a threading mechanism in which the Ru(phen) 2 moieties, which are in fact bulkier than the subunits of any previously studied DNA-threading molecule, thread themselves through the core of the DNA rather than via a mechanism in which the covalent linker is slinging itself around dissociated base pairs. 16 The DNA binding of the parent monomer compound [Ru(phen) 2 dppz] 2+ (3 in Figure 1 ) and its bipy analog, [Ru(bipy) 2 
dppz] 2+
, has been studied in great detail due to their rich photophysical repertoire. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Both these compounds bind to DNA by intercalating the dppz moiety between the base pairs of DNA, placing the remaining parts in one of the grooves. 23, [26] [27] [28] [29] When intercalated between the base pairs, the aza nitrogens of the dppz moiety are protected from hydrogen bonding to water, which is believed to play a crucial role for the excited state relaxation; 30, 31 thereby the luminescence quantum yield increases by several orders of magnitude (>10 4 ) a phenomenon referred to as the "light-switch" effect.
form was only a metastable state that is slowly reorganized into a final intercalative binding mode. 38 The rearrangement was found to occur faster (hours) at elevated temperature and at higher salt concentration, the kinetics monitored by an increase in fluorescence quantum yield or by a change in LD from a positive to a negative signal. 38 Additional evidence of the topologically different initial groove-bound and final intercalated geometries was enormous differences found in the SDS-induced dissociation kinetics, the dissociation of the initial groove binding, being effectively instantaneous whereas the final, intercalated form needed several days at 45°C to dissociate. 38 In the binding mode proposed for the final adduct, the bridging bidppz ligand is sandwiched between the bases in DNA with the two metal centres inevitably placed in opposite grooves. To dissociate from or to reach this binding geometry, the molecule would have to thread one of its bulky Ru(phen) 2 moieties through the DNA duplex in a similar way to that of 2, for which, however, the flexible linker allows the metal centres to be in the same groove. However, we could not decide in which groove ∆,∆-1 is bound in its initial metastable state, whether it binds in a syn-or anticonformation, or from which groove the complex is inserted when in the final intercalated geometry.
In order to throw light on the threading mechanism we have used linear dichroism (LD), circular dichroism (CD), and fluorescence spectroscopy to probe the interactions of ∆,∆-, meso-, and Λ,Λ-1 with different types of DNA. In particular, we have utilized the meso form of 1 for probing which of the enantiomeric Ru(phen) 2 dppz subunits of the dimer that preferentially binds to DNA by intercalating its dppz moiety deeply between the nucleobases and which enantiomeric part that has a preference for interacting with one of the grooves. The grooves are distinguished from each other by comparing the pairs {poly(dA-dT) 2 , poly(dI-dC) 2 } (similar minor grooves) and {poly(dG-dC) 2 , poly(dI-dC) 2 } (similar major grooves). We have found that the final binding geometry of the three stereoisomeric forms of 1 in ct-DNA, poly(dA-dT) 2 , poly(dG-dC) 2 , as well as in poly(dI-dC) 2 , is in all cases characterized by the bridging bidppz ligand being sandwiched between the bases leaving one metal centre in each groove, as has been proposed before for the ∆,∆ form in ct-DNA. We shall further conclude that the initial metastable binding mode for ∆,∆-1 in ct-DNA, poly(dG-dC) 2 , and poly(dI-dC) 2 is a predominantly major-groove-bound nonintercalated species, while meso-and Λ,Λ-1 both display an initial metastable binding mode in ct-DNA that is more coplanar with the nucleoside bases but still nonthreading. We shall also present data in support of a more detailed final binding geometry for 1 in poly(dA-dT) 2 , in which one dppz moiety is deeply intercalated from the minor groove, adopting an anti conformation relative the other dppz moiety and deviating from coplanarity.
Materials and Methods
Chemicals. Calf thymus (ct) DNA, obtained from Sigma, was dissolved in buffer and filtered twice through a 0.8 µm Millipore filter before use. Polynucleotides were purchased from Pharmacia Biotech and used as obtained. All experiments were performed in aqueous buffers (100 mM NaCl, 1 mM cacodylate at pH 7.0 or 4 mM HEPES, 2 mM MgCl 2 , 5 mM KCl at pH 7.4). The ruthenium stereoisomers were synthesized as described below. 
Meso
The reduced linear dichroism LD r is calculated as
where A iso represents the absorbance of the same isotropic sample. The LD r of a single electronic transition, i, in a uniaxially oriented sample can be written as
where α i is the angle between the transition moment and the molecular orientation axis, in this case the DNA helix axis. Samples with ruthenium complex and DNA were oriented in a Couette flow cell with an outer rotating cylinder at a shear gradient of 3000 s -1 . LD spectra were measured on a Jasco J-720 CD spectropolarimeter equipped with an Oxley prism to obtain linearly polarized light. All spectra were recorded between 220 nm and 650 nm and baseline-corrected by subtracting the spectrum recorded for the non-oriented sample.
Circular Dichroism. Circular dichroism (CD) is defined as the difference in absorbance of left and right circularly polarized light. CD spectra were measured on a Jasco J-720 spectropolarimeter using a 4 mm quartz cell. All spectra were recorded between 220 nm and 650 nm and corrected for background contributions.
Steady state luminescence. Emission spectra were recorded on a xenon lamp equipped SPEX fluorolog τ-2 spectrofluorimeter (JY Horiba) between 420 nm and 800 nm using an excitation wavelength of 415 nm. Time-based association and dissociation measurements were performed on a SPEX fluorolog τ-3 spectrofluorimeter (JY Horiba) setting the excitation wavelength to 420 nm and the emission wavelength to 630 nm.
Luminescence lifetimes. Lifetime measurements were performed on a SPEX fluorolog τ-2 spectrofluorimeter using the phase modulation technique, 41 setting the excitation wavelength to 415 nm and using a 550 nm cut-off filter in the emission channel. Lifetimes were obtained from spectral data using a program written for the MatLab software. poly(dA-dT) 2 . In conclusion, the same kind of spectral evolution is observed for ct-DNA, poly(dG-dC) 2 , and poly(dI-dC) 2 . However, as can be seen in the insets of Figure 2 , there are great differences in the rates of transformation, where the change in linear dichroism for ∆,∆-1 is by far the slowest in ct-DNA followed by poly(dGdC) 2 and poly(dI-dC) 2 . complexes, the spectra for each DNA were normalized to the same LD value as Λ,Λ-1 for the negative peak at ∼320 nm. The main features of the linear dichroism spectra above 300 nm are basically the same, the spectra being all negative and with similar
Results
shapes. This suggests that the final binding mode is basically the same for all three stereoisomers and independent of the kind of DNA. Referring to our previous study and conclusion that ∆,∆-1 is intercalated in ct-DNA, 38 combination with a small clockwise roll of the short axis of the intercalated dppz moiety by some 10°. We shall return to these structural variations in the Discussion.
Another interesting feature in this "roll region" is that the LD spectra of meso-1 bound to the four different DNAs are more similar to the spectra of Λ,Λ-1 than to those of ∆,∆-1, suggesting that it is the Λ moiety of the meso form, and not the ∆ moiety, that is intercalated.
Considerable variations in LD spectra can be seen in Figure 3b and 3d between the three stereoisomeric forms around 260 nm. In poly(dA-dT) 2 ( Figure 3b ) the ∆,∆-form shows a strong positive LD peak, whereas the meso-and Λ,Λ-forms only show a small positive and a small negative LD peak, respectively. In this region of the spectrum, strong absorption intensity originates from excitonic coupling of long-axis polarized intra-ligand transitions of the phenanthroline moieties (B(A 2 ) in 3). The substantial differences between the stereoisomeric forms in this region of the linear dichroism spectra suggest that there are considerable variations in the orientation of the phenanthroline ligands. A similar pattern as is observed for poly(dA-dT) 2 can also be seen for the isomers bound to poly(dI-dC) 2 (Figure 3d ), although certain differences in LD shapes and amplitudes indicate that there could be some structural variations between the polynucleotides. For example, when bound to poly(dI-dC) 2 the Λ,Λ form shows a positive LD around 260 nm where the absorption is dominated by the phenanthroline transitions. Figure 3c shows that ∆,∆-and meso-1 bound to poly(dG-dC) 2 both show resemblance with the spectra for the three stereoisomers bound to ct-DNA (Figure 3a) , whereas when bound to poly(dG-dC) 2 , Λ,Λ-1 shows a less positive LD peak in this wavelength region. 42 The CD profile for ∆,∆-1 in the visible part of the spectrum shows a positive peak at 420 nm and a negative peak of about equal amplitude at 465 nm. Experimental conditions otherwise as in Figure 3 . ( Figure 5a ) and poly(dA-dT) 2 ( Figure 5b) . 43, 44 In both ct-DNA and poly(dA-dT) 2 , of the differential CD of the UV region is dominated by the phenanthroline exciton (Figure 5a and b) and the differential CD of ∆,∆-1 exhibits a larger amplitude than those of the other stereoisomers. This is also the case when 1 is bound to poly(dGdC) 2 and poly(dI-dC) 2 (Supporting Information S2). We note that the ∆,∆-and mesoforms have very similar shapes of differential CD in the UV region. In the visible wavelength region, the differential CD signals in ct-DNA, poly(dA-dT) 2 , poly(dGdC) 2 , and poly(dI-dC) 2 i.e. the dihedral angle relative to the central inter-nuclear bond, is essentially the same in the three stereoisomers. The agreement is also good in poly(dA-dT) 2 (Inset, Figure   5b ) and poly(dI-dC) 2 (Supporting Information S2), but only fair in poly(dG-dC) 2 (Supporting Information S2). a Luminescence quantum yield. b Excited-state lifetimes (τ) and, in parentheses, normalized preexponential factors reflecting mole fractions of the different luminescing species at t = 0 (directly after illumination).
3.
d Due to low emission τ 1 was fixed but the other lifetimes and all three preexponential factors were allowed to vary. Table 1 presents luminescence quantum yields (φ) and lifetimes of the final binding states of ∆,∆-, meso-, and Λ,Λ-1 in ct-DNA, poly(dA-dT) 2 , poly(dG-dC) 2 , and poly(dI-dC) 2 measured in a 4 mM HEPES-buffer (2 mM MgCl 2 and 5 mM KCl, pH 7.4). As can be seen in the table, the luminescence quantum yields are similar in poly(dA-dT) 2 and poly(dI-dC) 2 . The quantum yields of ∆,∆-1 bound to those polynucleotides are considerably higher (φ∼0.10) than for the other two stereoisomers (φ∼0.015). Although the quantum yields in ct-DNA show the same trend, i.e. ∆,∆-1 has somewhat higher quantum yield (φ=0.02) than the two other stereoisomers (φ∼0.01), the difference is here much less pronounced. The final binding mode in poly(dG-dC) 2 shows by far the lowest quantum yields (φ∼0.005) for all three stereoisomers. The agreement of luminescence lifetimes as well as preexponential factors (α, corresponding to mole fractions) between the luminescent species of ∆,∆-1 in poly(dA-dT) 2 and poly(dI-dC) 2 is almost perfect, as expected with very similar final binding geometries in these two polynucleotides. This is also true for meso-1 in poly(dA-dT) 2 and poly(dI-dC) 2 . However, Λ,Λ-1 displays significant differences in its luminescence lifetimes between poly(dA-dT) 2 and poly(dI-dC) 2 .
A low effective luminescence quantum yield of 1 in poly(dG-dC) 2 is also reflected in the luminescence lifetimes and preexponential factors of the different excited species: the species with the shortest luminescent lifetime (10-20 ns) dominates the emission in all three stereoisomers. It could also be noted that τ 2 of meso-1 has a significantly higher preexponential factor than the two enantiomers, which is also born out as a very small quantum yield. The luminescence lifetimes and preexponential factors of 1 in ct-DNA show notable similarities for the meso-and Λ,Λ-forms. However, a higher molar fraction of the longest lifetime and also a considerable enhancement in τ 2 can be observed for ∆,∆-1. The lifetimes measured for 1 in ct-DNA are between those found for poly(dA-dT) 2 and poly(dG-dC) 2 , though the data could not be fitted by a hypothetical combination of pure poly(dA-dT) 2 and poly(dG-dC) 2 lifetimes.
In Figure 6 SDS-sequestered dissociation of ∆,∆-1 from ct-DNA (a), poly(dGdC) 2 intercalative binding mode is extremely slow (Inset, Figure 6a ). Figure 6b shows the SDS-sequestered dissociation of ∆,∆-1 from the final binding state in poly(dG-dC) 2 .
Also in this case the dissociation is very slow (red, blue, and green curve, Figure 6b ). Figure 6c shows LD spectra measured immediately after mixing poly(dA-dT) 2 and ∆,∆-1 and after addition of SDS. In contrast to the measurements performed on the initial binding mode of ct-DNA, the dissociation is now extremely slow (red, blue, and green curve, Figure 6c ). Figure 6d shows the fast dissociation of Λ,Λ-1 when in its initial metastable binding mode in ct-DNA.
Discussion
We previously reported a remarkably slow reorganization from an initial groovebound to a final intercalated geometry of ∆,∆-1 upon interaction with ct-DNA. 38 The slowness of the rearrangement as well as of the SDS sequestered dissociation suggested that the complex has to thread itself through the double helical DNA to reach its final binding state. High activation energies for both rearrangement and dissociation were also in accord with an associated profound structural change, such as one involving at least one base-pair opening. As judged from LD vs. time ( Figure   2 ), the threading kinetics is an order of magnitude faster for poly(dA-dT) 2 and poly(dI-dC) 2 compared to poly(dG-dC) 2 , though the latter is still much faster than that of ct-DNA. Direct comparison is complicated, however, since the kinetics is, when followed with luminescence (data not shown), multiexponential and poly(dG-dC) 2 , poly(dI-dC) 2 and ct-DNA all effectively refer to the threading reorganization step, from an intermediate groove-bound state with positive LD, whereas the complex seems to thread through poly(dA-dT) 2 without initial accumulation of such an intermediate ( Figure 2) . A faster threading in poly(dA-dT) 2 and poly(dI-dC) 2 , compared to poly(dG-dC) 2 is expected if the rate-limiting step of the process involves breaking of base-pair hydrogen bonds. However, the extremely slow kinetics of mixed-sequence ct-DNA indicates that base-pair stability is not solely determining the rate.
Final Intercalative Binding Mode. One of the key observations in this study is that the LD spectra of the three forms of 1 in the various DNAs at equilibrium show great resemblance with the spectrum for ∆,∆-1 in ct-DNA (Figure 3 ). In particular, this holds for the series of negative bands above 300 nm. From the reduced linear dichroism, LD r , of the negative LD band at 320 nm, we have estimated the angle between the bidppz ligand long-axis of ∆,∆-1 and the DNA helix axis in ct-DNA to be about 70°. 38 Although deviating from 90°, this result appears still consistent with intercalation of one of the dppz moieties since both of them have not to be aligned parallel with the DNA bases. The similar LD bands at 320 nm seen in Figure 3 , and similar LD r magnitudes, thus suggest that all three isomers of 1 bind by intercalation to all of the DNAs in their final binding geometries. That the final binding geometries are basically the same, the bidppz ligand stacked between the DNA bases, is also indicated by the differential CD spectra shown in Figure 5 , in which the average of ∆,∆-and Λ,Λ-1 have nearly the same shapes as meso-1 regardless of type of DNA.
Further support for a final intercalative binding mode of 1 in ct-DNA, poly(dAdT) 2 , and poly(dI-dC) 2 are the luminescence quantum yields and time-resolved luminescence data given in Table 1 . As mentioned above, the parent monomer
, exhibits an enormous increase in luminescence quantum yield upon intercalation of the dppz ligand into the DNA base stack. 17 Similar high quantum yield and resemblance of luminescence lifetimes have been observed for ∆,∆-1 bound to poly(dA-dT) 2 . 38 The agreement between quantum yields, lifetimes, and preexponential factors of ∆,∆-1 when bound to poly(dI-dC) 2 and those in poly(dA-dT) 2 is remarkable ( Table 1 ) and suggests that also finer details of the intercalating geometries in the two polynucleotides are very similar. Studying the luminescence properties of meso-and Λ,Λ-1 in poly(dA-dT) 2 and poly(dI-dC) 2 , it is obvious that the lifetimes are shorter, and the quantum yields lower, than for the ∆,∆-form. This effect is not unexpected and a similar variation has been observed for Λ-compared to ∆-[Ru(phen) 2 dppz] 2+ when intercalated into poly(dA-dT) 2 28 but it again indicates the predominance of the Λ over the ∆ moiety of the meso isomer upon interaction with the DNA. The increase in quantum yield of ∆,∆-1 (φ=0.02) when intercalating into ct-DNA is approximately 1500 times compared to in water solution.
The luminescence properties of 1 in poly(dG-dC) 2 given in Table 1 show dominating large preexponential factors (α=0.58-0.87) for a lifetime (τ 3 =14-18 ns)
that is significantly shorter than any lifetime found in the other DNAs. As a result, the quantum yields are much lower in poly(dG-dC) 2 than in for example poly(dA-dT) 2 (∆,∆-1 differs by a factor of 30). Although the difference in quantum yields in poly(dG-dC) 2 and ct-DNA is large, it could still be established that the final binding mode of 1 in poly(dG-dC) 2 is indeed an intercalated one: when studying the SDSsequestered dissociation from the final binding mode of ∆,∆-1 in ct-DNA and poly(dG-dC) 2 we find that 30 % of the complex dissociates from the ct-DNA after 24
h of incubation at 45°C (Inset, Figure 6a ) while as much as 80 % of the complex dissociates 1 h subsequent to addition of SDS. Although the dissociation process is faster in poly(dG-dC) 2 than in ct-DNA, it is still very slow compared to the instantaneous dissociation observed for the initial binding mode in ct-DNA ( Figure   6a ), as expected if this initial mode is a groove bound one (vide infra). This suggests that one of the bulky Ru(phen) 2 moieties of ∆,∆-1 is threaded through the DNA also in poly(dG-dC) 2 and thus has to be intercalated in its final DNA-binding geometry.
Initial Binding Modes are in Major Groove. Previously we have shown that
∆,∆-1 initially binds in one of the grooves of ct-DNA, based on the positive LD, low luminescence and the immediate dissociation from the first binding mode (also evidenced from Figure 6a ). 38 Also when ∆,∆-1 binds to poly(dG-dC) 2 , and poly(dIdC) 2 the initial LD signal above 300 nm is positive (Figure 2 ). By contrast, no initial positive LD can be detected above 300 nm when ∆,∆-1 is mixed with poly(dA-dT) 2 .
Furthermore, the dissociation from the immediately formed complex between ∆,∆-1 and poly(dA-dT) 2 is extremely slow (Figure 6c ), suggesting that ∆,∆-1 gets directly threading-intercalated, virtually without passing through an intermediate groovebound state. The positive LD for the first interaction between ∆,∆-1 and ct-DNA, poly(dG-dC) 2 , and poly(dI-dC) 2 demonstrate that the angle between the DNA helix axis and the bidppz ligand in ∆,∆-1 is less than the magic angle, 54.7° (Equation 3 ).
The measurements on the shorter polynucleotides, poly(dI-dC) 2 and poly(dG-dC) 2 , displaying a worse flow orientation than ct-DNA, did not allow a fast enough recording to reveal quantitatively the maximum positive LD amplitude. Therefore, the angle between the DNA helix axis and the bidppz ligand in ∆,∆-1 for the initial binding mode was calculated using the LD r value obtained with ct-DNA at 320 nm, giving 48° and thus suggesting a groove bound geometry, possibly in the minor groove. However, the great differences of the minor grooves of poly(dI-dC) 2 and poly(dG-dC) 2 , together with the similar positive LD signals, contradict that ∆,∆-1 binds in the minor groove. Instead we suggest that the complex binds in the chemically similar major grooves of poly(dG-dC) 2 and poly(dI-dC) 2 . Also the estimated angle around 50° is consistent with an initial major groove bound geometry in these polynucleotides. Also the result with ct-DNA containing as well guaninecytosine base pairs is consistent with major groove binding.
Previously Λ,Λ-1 was found to bind to ct-DNA initially at an angle between the bidppz ligand and the DNA helix axis of 64°, 37 thus approaching the angle 70° Sense of roll defined as viewed into minor groove: intercalated dppz of minor groove bound Ru(phen) 2 dppz moiety is rotated clockwise relative to perpendicularity to helix axis, while that of the Ru(phen) 2 dppz moiety in the major groove is rotated counter clockwise as a consequence of twist around internuclear bond.
To be able to deduce a detailed binding geometry, we first need to establish whether the complex has one of its [Ru(phen) 2 dppz] subunits more deeply intercalated (asymmetric case) or has a centred type of intercalation (symmetric case).
The former geometry, with one of the positively charged ruthenium centra closer to the negatively charged phosphate groups, is expected to be more favourable than a symmetric arrangement (Figure 7) . Furthermore, upon excitation, one of the rutheniums of 1 will be formally oxidized, giving it an extra positive charge, which will be energetically most favourable for the ruthenium closest to the backbone phosphates, i.e. the one corresponding to the more deeply intercalated dppz moiety.
The transfer of an electron will occur to the dppz moiety closest to the initially excited ruthenium. This explains the great similarities in luminescence properties between 1 ( Table 1 ) and its monomer counterpart (3) when bound to poly(dA-dT) 2 , supporting that their luminescing entities are essentially the same and are bound in a similar manner.
The remarkable similarity in LD between meso-and Λ,Λ-1 bound to poly(dAdT) 2 (Figure 3b) suggests that also meso-1 prefers to intercalate its Λ part deeply. This conclusion is supported by the similarities in luminescence properties of meso-and Λ,Λ-1 bound to poly(dA-dT) 2 . Assuming that the Λ part of meso-1 is deeply intercalated, the difference in LD below 300 nm has to originate from the part that is not deeply intercalated. As mentioned above, this region of the spectrum is dominated by the B(A 2 ) phenanthroline transition (Figure 7c and d) . A rotation of the part of the complex that is not deeply intercalated, around the pivotal 11-11' bond (Figure 7e ), would result in a more positive LD in the phenanthroline region for the meso form as the B(A 2 ) transition of the ∆ moiety would get more parallel to the DNA helix axis, whereas the opposite would hold for the Λ moiety of the Λ,Λ form.
The even more positive LD in the phenanthroline region that can be observed for the ∆,∆ form when binding to poly(dA-dT) 2 (green curve, Figure 3b ) may result from an even larger clockwise rotation of the part of the complex that is not deeply intercalated. We consider it more likely, though, that it is the orientation of the B (A 2 ) transition of the deeply intercalated part of ∆,∆ that is different from those of meso and Λ,Λ. As in the monomer parent compound, 3, one could expect that the deeply intercalated part would be slightly tilted in a clockwise direction (Figure 7d) . 26 This clockwise tilt would result in a more positive LD for a ∆ moiety and a less positive LD for a Λ moiety. Thus, it is plausible that the three forms of 1 all have clockwise rotations of the two Ru(phen) 2 moieties that are situated in the grooves (Figure 7c,d) .
It remains to be decided whether 1 binds with the bidppz ligand in a syn or anti conformation. The same LD effect as was observed in the phenanthroline region would be expected as a result of a small clockwise rotation of the Ru(phen) 2 moieties both for a syn and an anti conformation. One piece of evidence comes from the relatively strong, positive differential CD for the DNA-bound stereoisomers of 1 in the low-energy part of the visible region. The effect is much stronger than for the monomer and seems associated with the threading binding mode for all three stereoisomers of 1, as it is not seen in the initial, groove bound forms. It is therefore difficult to explain by anything else than an induced CD due to a chiral rotamer conformation of the bridging bidppz ligand. From calculations employing the PPP-CIdipole velocity method 47 we have found that the theoretical effect of an appropriately skewed (clockwise) syn conformation would be a negative CD in the low-energy part of the visible region, whereas an anti conformation rotated in a clockwise manner would result in a positive CD effect. Thus, we suggest that the bidppz ligand adopts an anti conformation when it is bound to DNA.
The great resemblance of the poly(dA-dT) 2 and poly(dI-dC) 2 results suggests that the final binding geometries of 1 in these polynucleotides are very similar. The generally lower quantum yields and luminescence lifetimes in ct-DNA and poly(dGdC) 2 could be a result of the exocyclic amino group of guanine in the minor groove, not present in poly(dA-dT) 2 and poly(dI-dC) 2 . The amino group prevents the complex from penetrating into the minor groove and, as a consequence, the aza nitrogens of the dppz moiety will be less protected from hydrogen bonding to water than when fully inserted between the nucleobases, resulting in more radiationless deactivation of the excited state. This supports that the luminescence properties mainly originate from the minor groove bound entity and thus, that the metal centre of the deeply intercalated part of the complex is indeed situated in the minor groove (as suggested in Figure 7 ).
Another indication of a less deep, i.e. more symmetric intercalation in poly(dG-dC) 2 is that the difference in LD in the phenanthroline region is small. A more symmetric intercalation could be expected to make the orientation of the Ru(phen) 2 moiety between the DNA bases less distinct and thus smear out the effect of clockwise rotation in LD. The difference between the stereoisomers in LD of 1 bound to ct-DNA in the phenanthroline region is also small. With ct-DNA, however, this could be a result of heterogeneity.
Further support for deep intercalation from the minor groove side comes from the comparison of the luminescence properties of the stereoisomers of 1 in poly(dAdT) 2 and poly(dI-dC) 2 (Table 1) . ∆,∆-1 displays similar luminescence lifetimes in poly(dA-dT) 2 and poly(dI-dC) 2 , suggesting that the structural change in the major groove, when going from poly(dA-dT) 2 to poly(dI-dC) 2 , is not important when a ∆ moiety is situated in that groove. By contrast, the luminescence lifetimes of Λ,Λ-1 in poly(dA-dT) 2 and poly(dI-dC) 2 differ significantly, suggesting that the structure of the major groove is important when a Λ moiety is situated in that groove. One possibility is then that Λ,Λ-1 is intercalated from the major groove and ∆,∆-1 from the minor groove. However, for meso-1 the LD spectra as well as luminescence lifetimes indicate that here the Λ moiety is preferably intercalated over ∆. Secondly, the luminescence lifetimes and the pre-exponential factors of meso-1 are essentially the same in poly(dA-dT) 2 as in poly(dI-dC) 2 , suggesting that in contrast to Λ,Λ-1, the Λ moiety of the meso form is not in the major groove. In conclusion, meso-1 intercalates its Λ moiety deeply in the minor groove, and has consequently its ∆ moiety in the major groove. The similarities in LD and luminescence lifetimes between meso-and Λ,Λ-1, finally suggest that one of the Λ moieties in Λ,Λ-1 is indeed deeply intercalated from the minor groove side, and that the differences in the luminescence lifetimes of Λ,Λ-1 in poly(dA-dT) 2 and poly(dI-dC) 2 have to be explained by variations in interactions of the non-intercalated Λ-Ru(phen) 2 dppz-moiety with the major groove. The molecular model in Figure 7 shows that also the non-intercalated half of the molecule may still be in close contact with the major groove and, thus, that a changed sense of chirality there can influence the intercalation geometry of the other, intercalated half.
Conclusions
The following has been learnt about the binding modes of the ruthenium complex 1 in ct-DNA, poly(dA-dT) 2 , poly(dG-dC) 2 , and poly(dI-dC) 2 :
1.
The three stereoisomers of 1 are in all DNAs threaded through the DNA to reach their final intercalative binding geometries.
2.
The initial, non-threaded binding mode of ∆,∆-1 in ct-DNA, poly(dG-dC) 2 , and poly(dI-dC) 2 is concluded to be in the major groove.
3.
In poly(dA-dT) 2 no initial intermediate groove-bound species could be detected.
4.
The initial binding sites of meso-and Λ,Λ-1 in ct-DNA are in the major groove, although much more coplanar with the nucleobases than for the ∆,∆ enantiomer.
5.
The final binding geometry of the three stereoisomers of 1 in poly(dA-dT) 2 is characterized by the bidppz ligand being intercalated between the nucleobases in an anti conformation, with a small rotation around the central pivot bond. The complex intercalates asymmetrically, with one of the Ru(phen) 2 moieties deeply situated in the minor groove.
6.
The meso stereoisomer provides a probe of stereoselectivity. The Λ part is concluded to be deeply intercalated from the minor groove, probably a result of a better fit of the ∆ part in the major groove.
